This article is the first part of a literature review concerning diabetic foot ulcers and the use of antimicrobial photodynamic therapy (PDT). Diabetic foot ulcers are associated with high morbidity, mortality, and healthcare costs. Natural healing is often delayed by microbial infection or colonisation, which might lead to serious complications, such as amputation. Furthermore, antibiotic treatment could have limited success because of the development of bacterial resistance and severely limited drug delivery to the ulcer due to vascular damage. PDT has antimicrobial effects and has been used to reduce the total and pathogenic microbial load in diabetic ulcers without inducing bacterial resistance. It is safe and can be used to improve outcomes. A clinical trial demonstrated that PDT with RLP068 reduced the microbial load of diabetic ulcers in 62 patients. This article reports previously published evidence and presents four, unpublished, clinical cases treated in the real-life setting.
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Background
Diabetic foot ulcers (DFUs) are one of the main complications in type 1 and 2 diabetes mellitus, are associated with high morbidity and mortality amongst patients and represent a significant burden on healthcare systems. Patients with diabetes are at risk of developing DFUs in 25% of cases, 1 which correspond to 9.1-26.1 million patients/year, according to the International Diabetes Federation. 2 Furthermore, the risk of death in the United Kingdom (UK) is estimated to be 5% in the first 12 months and 42% within 5 years, and patients with DFUs were shown to have a 2.5-fold increased risk of death as compared to those without DFUs. 3 Additionally, patients with DFUs experienced high morbidity, poorer health-related quality of life (HRQoL), and psychosocial complications. 4 Lastly, some researchers found that DFUs accounted for almost one-third of the expenditures for diabetes care in healthcare systems. 5, 6 Treatment of DFUs is often challenging. Bacterial colonisation of ulcers is commonly involved in healing delay, and infection is associated with high risk of treatment failure. 7 Moreover, DFU relapse occurs in approximately 40% of patients within 1 year from remission. 2, 8 These challenges result in unhealed DFUs in around 20% of patients within 1 year of treatment. Well-established DFU managing options, such as surgical debridement, dressings, wound offloading, vascular assessment, active infection management, and glycaemic control, are available; however, a wide spectrum of novel interventions is being developed continuously to improve wound healing.
In this review, we discuss the rationale for the current standard of DFU care. We also present evidence for a therapeutic approach aimed at meeting the unmet needs and improving DFU wound healing outcomes, by using antimicrobial photodynamic therapy with RLP068.
Methods
A narrative review of the literature was performed by retrieving relevant articles in PubMed; the following keywords were used for searches: diabetic ulcer, diabetes, antimicrobial photodynamic therapy, and RLP068. In addition, the authors report four exemplary cases recently treated following the ISSN: 1740-4398 REVIEW -Antimicrobial photodynamic therapy of diabetic foot ulcers drugsincontext.com reported evidence and obtaining good results, as expected. These case reports are presented to the reader as tutorial examples.
Underlying mechanisms
Patients suffering from diabetic ulcers usually develop pathophysiologic complications, such as atherosclerosis, diabetic peripheral neuropathy, and metabolic imbalances.
Atherosclerosis leads to decreased blood flow in large-and medium-size vessels, due to increased thickness of capillary basement membrane, reduced elasticity, and lipid deposits in vessel walls. Small vessel ischaemia occurs in later stages of the disease. Peripheral neuropathy affects the sensory, motor, and autonomic nervous systems. There are several causes of neuropathy, including vascular disease occluding the vasa nervorum, endothelial dysfunction, chronic hyperosmolarity, and increased intake of sorbitol and fructose. 9 Peripheral sensory neuropathy is the cause of most DFUs because of minor traumas or thermal injury. These traumas and injuries are not usually perceived by the patient and therefore remain untreated unless a routine evaluation is performed. 9 Peripheral motor neuropathy may induce abnormal foot anatomy and biomechanics, including clawing of toes, acquiring high arch and subluxed metatarsophalangeal joints, evolving of excess pressure on the foot area involved, formation of callus, and developing ulcers. Peripheral autonomic neuropathy is a cause of deficient sweating leading to dry and cracking skin. Tissue viability and healing capability are reduced in the presence of vascular insufficiency. Moreover, diabetes metabolic imbalances lead to impaired neutrophil function and therefore slow wound healing. 9 
Diagnosis of colonisation and infection
Standard of care
Surgical debridement, dressings, wound offloading, vascular assessment, active infection management, and glycaemic control are the essential standard of care for DFUs and may be used with a multidisciplinary approach combined with a patient education program. 7, 9, 11, 12 A review of the literature suggested that tight glycaemic control is an effective tool for prevention or delay in neuropathy development in patients with type 1 diabetes or neuropathy progression reduction in some patients with type 2 diabetes. 13 The removal of necrotic and hyperkeratotic tissue promotes ulcer healing. A strong debridement with surgery is recommended for ulcer wounds, especially for those with bone and soft tissue involvement. 14 An analysis of a standardised wound care protocol supported by a combined multidisciplinary team during a 10-year period showed a reduction in amputation rates in diabetic foot patients, due to efficient on-time debridement. 15 Dressings represent a defence from external contaminants and promote absorption of ulcer exudate. A wide variety of foot dressings are available along with increasingly advanced methods of promoting wound healing; however, the efficiency of new foot dressings in wound healing compared with past models is very limited. 14 Offloading pressure to the ulcer area can decrease repeated injury, improve vascularisation, and promote repair. It can be obtained with crutches, wheelchairs, and castings. Cast walkers over the diabetic foot were found to improve ulcers in a randomised controlled trial, and the 'total contact cast' was the most effective offloading device. 16 Antiplatelet drugs are the primary therapy for vascular defect; however, surgical bypass may be needed in some patients. In addition, revascularisation of ischaemic legs results in improved ISSN: 1740-4398 REVIEW -Antimicrobial photodynamic therapy of diabetic foot ulcers drugsincontext.com phenothiazinium-, phthalocyanine-, and porphyrin derivatives have been shown to significantly enhance phototoxicity in both Gram-positive and Gram-negative species. 21 Phthalocyanines are heterocyclic macrocycle aromatic compounds, with maximum excitation at longer wavelengths (typically >660 nm). 21 When irradiated with visible light, phthalocyanines photosensitise a variety of microbial pathogens, including Gram-positive and Gram-negative bacteria, independent of the antibiotic sensitivity of the treated pathogens. 22, 23 In vitro studies found a high selectivity of S. aureus photoinactivation without binding to important constituents of potential host tissues, such as human fibroblasts and keratinocytes. 23 
PDT with RLP068
RLP068 is a cationic zinc phthalocyanine derivative, activated by exposure to red light. It was developed as a topical treatment for superficial bacterial and fungal infections. Following photoactivation of RLP068, singlet oxygen and other ROS are produced, resulting in a rapid, broad range, bactericidal, and fungicidal effect. 24 Furthermore, due to the large number of cellular targets and the rapidity of action, the chance of developing treatment resistance by pathogens is very low. RLP068 was effective and safe in experimental studies on animal models of infected skin ulcers. 25 A randomised, double-blind, parallel series, and placebocontrolled phase II trial published in 2014 demonstrated the efficacy of PDT with RLP068 on total and pathogen microbial load of diabetic ulcers. 18 In that study, three concentrations of RLP068 (0.10%, 0.30%, and 0.50%) were used as add-ons to systemic treatment with amoxicillin and clavulanic acid. Total and pathogenic microbial loads on days 1, 3, 8, and 15 were measured after photoactivation with 689 nm red light. In total, 62 patients aged ≥18 years, with type 1 or type 2 diabetes and infected foot ulcers, with an area of 2-15 cm 2 and a maximum diameter of ≤4.6 cm took part in the trial. One session of PDT with RLP068 determined a dose-dependent reduction in total and pathogenic microbial loads. It was significant for a gel concentration of 0.30%. The effect of the drug was at its maximum immediately following illumination, vanished over time, and was only borderline significant after 3 days. This seems compatible with administration every other day or three times a week. No safety issues emerged from the analysis of adverse events, and systemic absorption of RLP068 was negligible. This study could not demonstrate an overall clinical improvement due to its design. Moreover, a single administration of an antimicrobial agent cannot be expected to determine relevant clinical outcomes in diabetic ulcers. Interestingly, there was a trend towards a reduction in perfusion, extent, depth, infection, and sensation scores in patients treated with the higher concentrations (0.30% and 0.50%) of RLP068, although the sample size was too small to perform a formal statistical analysis. 18 reperfusion, which is associated with a decreased frequency of foot amputations in patients with DFUs. 14 Infected DFUs require appropriate systemic antibacterial therapy, usually based on antibiotics chosen by tissue and bone cultures, although broad-spectrum drugs are often used. Gram-positive bacteria account for a significant percentage of infections with an increasing occurrence of the methicillinresistant Staphylococcus aureus (MRSA), in recent years. Osteomyelitis in patients with diabetes necessitates aggressive surgical intervention, in addition to antibiotic treatment. Treatment duration varies from 2 to 6 weeks, depending on the severity of infection and surgical debridement. 17 Uninfected ulcers are nonetheless colonised, and the presence of microorganisms delays ulcer healing. Local treatment is usually based on topical antibiotics.
Unmet needs and photodynamic therapy
In a minority of patients, DFUs would not heal with standard treatment, or healing would be associated with a very high social burden, such as long-lasting care and high costs, and pose medical issues due to the low efficacy of interventions. 16 Widespread and increasing bacterial antibiotic resistance, in addition to fungal infections, has provided the necessary impetus to find alternative drugs and/or therapies. Additionally, several therapeutic interventions have been developed based on the principles of photomedicine to overcome the issue of poor drug circulation in infected areas (exacerbated by concomitant ischaemia), with the aim of killing microbial agents whilst leaving the surrounding host mammalian cells quite unharmed. Such techniques use absorption of photons by specific chromophores. For example, photodynamic therapy (PDT) is a relatively novel strategy. 18, 19 This technique employs a photosensitiser, a dye that is activated by light of appropriate wavelength. Once activated, the dye acts as an intermediate to generate reactive oxygen species (ROS), which initiate further oxidative responses locally with components of the bacterial cell wall, cell membranes, enzymes, or nucleic acids. However, one of the challenges in employing PDT as an antibacterial strategy is to look for appropriate photosensitisers that would kill the bacteria without affecting the neighbouring host cells. 20 Phenothiazinium and its derivatives, which include methylene blue, Rose Bengal, and toluidine blue O, are a class of first-generation photosensitizers (PSs) that were initially investigated for PDT of solid cancers. These PSs are commonly employed in antimicrobial ptotodynamic therapy (APDT) because of their high binding affinity for both Gram-positive and Gram-negative bacteria. Methylene blue derivatives have been developed to increase efficacy. 21 Antimicrobial PDT can be performed with cationic PSs in both Gram-positive and Gram-negative species. Cationic ISSN: 1740-4398 REVIEW -Antimicrobial photodynamic therapy of diabetic foot ulcers drugsincontext.com
Extensive clinical studies are expected to evaluate the effect of repeated administration of photodynamic therapy with RLP068 on outcomes.
Case reports
Based on available evidence, the authors of this article treated some patients with DFUs; four exemplary cases are reported here, showing results in agreement with the clinical study, obtained in the real-life setting.
In this experience with four patients affected by DFU, PDT was performed with the photosensitiser, RLP068 (VULNOFAST plus; Molteni Therapeutics S.R.L., Italy) twice a week according to the manufacturer's instructions. A single dose of RLP068 was applied using a sterile syringe on the wound, which was covered with a Tegaderm™ patch and a nontransparent bandage. Thirty minutes after the application, the ulcer was illuminated for 8 minutes by a portable LED light device (VULNOLIGHT, Molteni Therapeutics S.R.L., Italy) with a red light at 630 nm wavelength, providing a total energy of 60 J/cm 2 . The ulcer was then washed with saline solution to remove the residues of the photosensitiser and covered with an absorbent foam dressing.
Patients were chosen based on clinical evaluation, as eligible to gain benefit from the treatment. In accordance with the World Medical Association Declaration of Helsinki, all the data referring to the patients are published in anonymous way, without any details allowing re-identifying the patient.
Case report 1
A 77-year-old female with a history of diabetes and peripheral vascular disease was referred by her local physician for treatment of a non-healing ischaemic foot ulcer over a period of 2 months. The patient suffered from essential thrombocythaemia and was treated with hydroxyurea. Medical history also included hypertension, which was diagnosed 10 years before first visit. A Doppler ultrasound of the lower limb revealed critical ischaemia of the superficial femoral artery without blood flow at the anterior and posterior tibial arteries. The transcutaneous oxygen pressure (TcPO 2 ) around the ulcer was 31 mmHg, suggesting that the blood supply to the ulcer was significantly decreased. X-ray examination and MRI did not show abnormality in the foot and ankle. The physical examination revealed an ischaemic ulcer of 1×1 cm at the apex of the great toe with exudate and an ischaemic dry ulcer of 2×2.5 cm at the medial aspect of the first metatarsus-phalangeal (MTP) joint of the right foot. The patient reported severe pain.
The patient underwent revascularisation with angioplasty. Three days later, surgical debridement was performed, and hyaluronic acid-based matrix (i.e. Hyalomatrix ® ) was applied. Two months later, the ulcers were covered with fresh granulation tissue and therefore received a skin graft. During follow-up visits, the ulcer of the toe completely healed, and the ulcer at the first MTP joint improved but did not heal completely ( Figure 1A) . Pain was still present with a score of Figure 1 . A 77-year-old female with an ischaemic ulcer of the medial aspect of the first metatarsus-phalangeal joint, at baseline (A) and 10 days after photodynamic therapy with RLP068 (B).
7 on a visual analogue scale (VAS). Tissue culture obtained from the ulcer revealed the presence of MRSA infection. Although arterial revascularisation and skin substitute had improved the lesion, an antimicrobial treatment was necessary to obtain complete cure. Because of advanced age and of concomitant treatment with several drugs, it was decided to use photodynamic therapy, instead of systemic antibiotics.
PDT with RLP068 was then performed. The ulcer completely healed after eight applications of PDT, and the patient reported a decrease of pain from 7 to 0 on the VAS scale ( Figure 1B) . At 3 months of follow-up, the patient was able to ambulate with no gait abnormalities and was pain free.
Case report 2
A 67-year-old man presented in an outpatient department with a history of chronic medial malleolus venous ulcer. Comorbidities included diabetes, hypertension, and hepatic cirrhosis. Three years before presentation, the patient underwent femoral-popliteal bypass for arterial insufficiency. Peripheral pulses were normal, and Doppler ultrasonographic examination of the lower limb revealed normal arterial blood flow. The ulcer had a mild malodorous wound covering and the surrounding skin was erythematous and xerotic. Pain was scored as 9 on the VAS scale. Based on the clinical findings, surgical debridement was performed, and the wound was covered with hyaluronic acid-based matrix (i.e. Hyalomatrix ® ).
Intraoperative cultures revealed multibacterial infection with antibiotic-resistant S. aureus and Pseudomonas aeruginosa. Antibiotic therapy with a fluoroquinolone (i.e. levofloxacin) was given for 3 weeks. Three months after surgery the ulcer was still present, but it was smaller ( Figure 2A ) and pain was scored as 7 on the VAS scale. Tissue culture from the ulcer revealed the presence of MRSA infection but with multidrug resistance (i.e. to fluoroquinolones and trimethoprim/sulfamethoxazole). To overcome the problem of drug resistance, further antimicrobial treatment employed PDT. After eight sessions of PDT with RLP068, the ulcer size was considerably reduced, and the patient was pain free ( Figure 2B ). At the last follow-up, the patient was very satisfied with the clinical outcome and could ambulate with no aids. The ulcer was covered with a simple dressing.
Case report 3
A 61-year-old man was referred to a diabetes clinic in Naples, Italy, in November 2018, because of a painful plantar ulcer of the right foot. His toes had been amputated some years before, and remnants of the first toe were present. The patient had been diagnosed with type 2 diabetes in 2000 and had been treated with oral antidiabetic agents for 4 years and later with insulin. He was affected with blood hypertension, ischaemic heart disease, dyslipidaemia, and hyperuricaemia. Since 2005, he had neuropathy and had received gabapentin. At presentation, the patient reported persisting paraesthesia, and patellar reflex was absent. The X-ray of the foot showed arthrosis and bone demineralisation. Clinical observations revealed that the ulcer was infected at presentation. An antimicrobial treatment was necessary, but the patient desired to avoid systemic antibiotics because he was receiving several other drugs for diabetes, hypertension, heart disease, and hyperuricaemia. It was decided to perform antimicrobial PDT.
In November 2018, the ulcer size was 4×1 cm, and PDT with RLP068 was initiated ( Figure 3A ). After 10 days, signs of infection had disappeared, and the ulcer size was reduced to 3×0.5 cm (60% reduction). Diameter reduction progressed during the following weeks. In January 2019, no infection was present, and the ulcer size was 2×0.5 cm ( Figure 3B ).
Case report 4
A 50-year-old woman was visited in November 2018 after complaining about two painful ulcers of the right foot.
The patient was affected with type 2 diabetes (since 2002), blood hypertension, ischaemic heart disease, peripheral arterial disease, obesity, and proliferative retinopathy. The toes of the right foot were amputated in 2016. The skin of the residual limb was erythematous and dyschromic, and the ulcers on the stump were infected. Peripheral pulses of the lower limbs were present. A computerised tomography scan of the right foot did not show signs of destructive bone defects. The patient reported paraesthesia of the residual foot. The size of ulcers was 2×1.5 cm and 2×1.2 cm ( Figure  4A ). In this serious case, with risk of further amputation, PDT was added to previous therapies because healing was necessary in a short time. Five months after PDT, the infection was resolved, and dyschromia was reduced. Ulcer size was also reduced by 20%, although the lesion was not completely cured ( Figure 4B ).
Conclusions
Diabetic ulcer healing is often delayed by microbial infection or colonisation. Failure to heal ulcers in patients with diabetes may have serious outcomes, such as amputation. Widespread use of systemic antibiotics for ulcer treatment leads to frequent occurrence of bacterial resistance and has often little effect because of vascular damage-induced reduction in drug delivery in the ulcers. PDT was demonstrated to reduce the total and pathogenic microbial loads in diabetic ulcers. This article described effective treatment of both mild (limited novel ulcers) and severe cases (old ulcers in amputated limbs) of DFUs in the real-life setting. PDT with RLP068 facilitated ulcer healing and reduced the infection load. It was well tolerated, in agreement with previously published evidence. The use of PDT was valuable for the antimicrobial treatment of patients already receiving several drugs, with ulcers infected by drug-resistant bacteria, or in addition to other therapies in serious cases. Clinical studies are expected to confirm the efficacy of PDT with RLP068 on wider samples, and to define the best procedure for each type of patient.
